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We report the synthesis, physical properties and electrochemical performance of Zn substituted
Na0.44Mn1−xZnxO2 (x = 0 – 0.02) nanostructures as cathode in Na-ion batteries for energy storage
applications. These samples stabilize in the orthorhombic structure and the morphology is found to
be slab like with 100 – 200 nm width and few micrometer of length. The resistivity measurements
show highly insulating nature for all the samples, where the activation energy decreases with increas-
ing Zn concentration indicating more defect levels in the band gap. The cyclic voltammogram (CV)
shows reversible oxidation and reduction peaks, which clearly shift towards higher/lower potentials
with increasing Zn concentration up to 2%. We observed the specific capacity of about 100 mAh/g
at current density of 4 mA/g and improved cycle life for Zn substituted x = 0.005 sample. However,
with further increasing the Zn concentration (x = 0.02), the specific capacity decreases, which can
be a manifestation of the decreased number of reduction peaks in the CV data.
INTRODUCTION
All electrochemical intercalation based batteries re-
quire not only ample lattice space and robust structure
of an electrode, but also a multiple valance ion to main-
tain charge neutrality [1]. In this regard transition metal
based oxides are widely studied as cathode as well as
anode in Li/Na/K ion batteries [1–5]. Among transi-
tion metal oxides, Na0.44MnO2 with tunnel type struc-
ture and multivalent Mn ion have been studied as cath-
ode material (in pristine form) [6, 7] as well as anode
material (when doped with other appropriate transition
metal ion) in a Na-ion battery [8]. The 3D lattice struc-
ture of Na0.44MnO2 comprise of MnO6 octahedra and
MnO5 square based pyramids with 0.44 Mn in 3+ va-
lence state and 0.56 Mn in 4+ valence state. Among
these, all the Mn4+ and 50% Mn3+ occupy the octahe-
dral position whereas rest of the 50% of Mn3+ occupy
pyramidal position resulting into three different sites for
Na ions in two different tunnels, one large S-shaped and
other smaller one [9]. These tunnels in Na0.44MnO2 allow
an easy insertion and reinsertion of the Na–ions during
the oxidation and reduction of the cathode material.
The electrochemical properties and particularly the cy-
cling capacity of Na0.44MnO2 critically depend on the
synthesis method [9–11], sintering temperature [6, 9] and
morphology [12–14] of the samples. Despite of the poten-
tial, two major challenges need to be overcome while us-
ing these materials as cathode in Na-ion batteries. First
is the poor retention of capacity upon cycling and low
capacity at higher current rates. The poor cyclic ca-
pacity is owing to the structural instability upon inser-
tion/extraction of the Na–ions [6, 9]. Such deficiency can
be resolved by altering the morphology (surface to vol-
ume ratio) by optimizing the growth technique. There
have been various modified techniques employed for the
synthesis of Na0.44MnO2 [15–18], such as reverse mi-
croemulsion method [6, 19], polymer-pyrolysis method
[11], modified pechini method [14, 20] and optimized solid
state reaction method [13]. Apart from the synthesis,
introduction of some disorder in the electrode material,
especially in the form of doping, has been found to be
increasing the capacity and performance of the electrode
material [1, 4, 8, 21].
Another major issue with Mn based transition metal
oxides is the presence of the strong Jahn-Teller (JT) ac-
tive Mn3+ ion. The JT distortion makes the compound
vulnerable to the structural changes during the Na inser-
tion/extraction resulting into the reduction of capacity
after cycling. One approach to overcome this limitation
is to substitute the transition metal site with a diavalent
ion [22, 23], which eventually converts some of the Mn3+
to Mn4+, therefore reducing the number of JT ions. One
such example is substitution of Ni at Mn site where the
most stable state of Ni (which is Ni2+) is utilized [23].
Similarly, the most stable state of Zn is 2+ and there-
fore, can be a potential candidate for the replacement of
Mn. Moreover, the ionic size of Zn is larger than that of
Mn, so one can expect an increase in the unit cell volume
with Zn substitution and hence easy insertion/reinsertion
of Na ions upon charging/discharging. The larger ion in
the lattice or larger unit cell volume upon substitution
has been found to improve electrochemical properties in
some oxides [24, 25].
Therefore, we report the synthesis of Zn-substituted
tunnel type Na0.44MnO2 by sol-gel technique and inves-
tigation of their structural, morphological, transport and
electrochemical properties. These samples stabilize in
the orthorhombic structure and the activation energy de-
creases with increasing Zn concentration. We observed
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2the specific capacity of about 100 mAh/g at current den-
sity of 4 mA/g. The capacity does not increase with Zn
substitution, but we observed significant improvement in
the cycling life of a Na-ion battery.
EXPERIMENTAL
We have synthesized Na0.44Mn1−xZnxO2 (x = 0,
0.005, 0.02) using sol gel method. The sodium nitrate
(Merck, 99%), manganese nitrate (Merck, 99%), and zinc
nitrate (Merck, 99.9%) were added in a stoichiometric ra-
tio in deionized water followed by homogeneouse mixing
via stirring for 2 hrs. Then, citric acid (Sigma, 99.9%) in
molar ratio of 3:1 was added to the mixture as a complex-
ing agent followed by overnight stirring at 90oC, which
results in the formation of the gel. The formed gel was
dried at 120oC for 24 hrs. The obtained powder then
ground to get fine particles. The powder was first heated
to 450oC for 12 hrs to remove organic components before
final sintering at 900oC for 15 hrs.
The room temperature powder x-ray diffraction data
were recorded with CuKα radiation (1.5406 A˚) from Pan-
alytical x-ray diffractometer in the 2θ range of 10 – 60o.
The surface morphology of the prepared materials has
been investigated using a scanning electron microscope
(SEM) at 20 keV electron energy. Raman spectra of the
prepared pellets were recorded with Renishaw inVia con-
focal Raman microscope at wavelength of 785 nm and
grating of 1200 lines/mm with 1 mW laser power. Tem-
perature dependent resistivity measurements were done
using physical property measurement system (PPMS)
from Quantum Design, USA.
For the electrochemical measurements, first
the slurry for cathodes were prepared by mixing
Na0.44Mn1−xZnxO2 (x = 0 – 0.02) active material,
PVDF (Polyvinylidene difluoride) as binder and carbon
black as conductive additive in a weight ratio of 80:10:10
in NMP (N-methyl-2-pyrrolidinone) solvent followed by
overnight stirring. The obtained slurry was coated on
a current collector (Al foil in present case). In order
to evaporate the solvent, the coated material was dried
in vacuum oven at 135oC for 10 hrs. After that, the
circular disks of 12 mm diameter were prepared. The
CR2016 coin half-cells were assembled in an nitrogen-
filled glove box (Jacomex, ≤0.5 ppm of O2 and H2O
level). The sodium disks prepared from sodium cubes
(Sigma Aldrich, 99.9%) with 16 mm diameter were used
as counter as well as reference electrode. The glass
fiber filter (Advantec, GB-100R) was used as separator
and in house prepared NaClO4 dissolved in ethylene
carbonate (EC)/dimethyl carbonate (DMC) in a volume
ratio of 1:1 was used as an electrolyte [26]. All the
electrochemical characterizations were performed using
VMP3 (Biologic) instrument and BTS-400 (Neware) at
room temperature. The cyclic voltmmetry (CV) mea-
surements were performed in the potential window of 1.8
– 4.0 V vs. Na/Na+ at a scan rate of 0.1/0.05 mVs−1.
The charging/discharging of the coin cell were performed
in galvanostatic mode at different current densities.
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FIG. 1. The XRD patterns for the Na0.44Mn1−xZnxO2 (x =
0 – 0.02) samples with peak indexing using JCPDS# 27-0750.
RESULTS AND DISCUSSION
The x-ray diffraction (XRD) patterns for the as syn-
thesized Na0.44Mn1−xZnxO2 (x = 0 – 0.02) are shown in
Fig. 1. The structure for x = 0 sample is orthorhombic
with Pbam space group (JCPDS No: 27-0750), which
is in agreement with earlier reports [6, 9, 12]. The
Zn substitution does not affect the structure and it re-
main orthorhombic for all the samples. The composi-
tions of all the samples have been confirmed by energy
dispersive x-ray spectroscopy (not shown). We have es-
timated the strain and crystallite size using Williamson
Hall plots [27] from the XRD data. We found that with
increasing Zn concentration, the strain increases from
(2.13±0.5)×10−3 for x=0 to (2.6±0.2)×10−3 for x=0.005
and (3.2±0.3)×10−3 for x=0.02 smaples. This observa-
tion indicates that the substitution of Mn with the larger
ion Zn might be causing this increase in internal strain.
However, the crystallite size decreases from 100 nm to
50 nm with increasing Zn concentration.
Fig. 2 shows the surface morphology of
Na0.44Mn1−xZnxO2 (x = 0 – 0.02) samples, inves-
tigated using SEM technique. In the SEM images [see
Figs. 2(a-c)], we observed slabs of a few nm width
and µm length for Na0.44MnO2 sample. With Zn
substitution, the morphology does not change much
and slab structure prevails for x = 0.005 and 0.02
samples. However, for x = 0.02 sample there are some
random shape particles also observed along with the
slabs [Fig. 2(c)]. In Fig. 3, we have shown the Raman
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FIG. 2. The SEM images for Na0.44Mn1−xZnxO2: (a) x = 0, (b) x = 0.005, and (c) x = 0.02 samples.
spectroscopy measurements for x = 0 and 0.02 samples
using a 785 nm wavelength laser. There are two major
peaks observed in the Raman spectra for x = 0 sample ,
i.e. at 654 and 369 cm−1. These two peaks correspond
to the stretching vibrations of Mn-O bonds and bending
vibrations of Mn-O-Mn bonds, respectively. These peaks
are slightly shifted and lower in intensity as observed
at 649 and 364 cm−1 for x = 0.2 sample. Considering
the diatomic approximation which assumes each metal
oxygen bond as a separate and non-interacting oscillator
and which has been used to explain the relation between
Raman shift and bond length in many transition metal
oxides [28, 29], the shift in the Raman peaks towards
lower wave number with increasing Zn concentration
indicates a decrease in the force constant and thus
increase in the metal oxygen bond length. Apart from
these major peaks there are few minor peaks observed
in both the samples. These results are consistent with
earlier reports [14, 30].
Now let us discuss the electronic properties which also
play an important role in the electrochemical properties.
The electronic band structure of 3d transition metal ox-
ides is mainly governed by the overlapping and inter-
action between 3d orbitals of the neighboring transition
metal ions. The substitution of the foreign ion alters the
overall metal-metal distance, which manifest itself into
the modification in the band structure. The intercala-
tion of Na into the cathode material is correlated to the
density of states near the Fermi level [31–34]. The high
density of states (i.e. higher conductivity) results in to
high rate capability, whereas the lower density of states
(lower conductivity) in the cathode material leads to poor
cycle life as described in the ref. [33]. In a way, lattice
constant, electronic properties and electrochemical prop-
erties are correlated. Therefore, in order to get an idea
about how Zn substitution affects the electronic proper-
ties, we have performed the temperature dependent resis-
tivity measurements on the three samples by four probe
method. All the samples show highly insulating nature
due to which we could not measure the resistivity below
280 K, as it increases beyond the measurement limit of
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FIG. 3. Raman spectra of Na0.44Mn1−xZnO2 (x = 0 and
0.02) samples, measured at room temperature using 785 nm
laser. The dashed lines are fitted with Lorentzian line shape.
the instrument. When compared with x = 0 sample, the
resistivity first decreases for x = 0.005 sample and then
increases for x = 0.2 (Fig. 4). However, the fitting of the
temperature dependent resistivity data using Arrhenius
equation: ρ = ρ0e
Ea/kBT , where, Ea is the activation
energy, shows that the activation energy systematically
decreases with increasing Zn substitution. For example,
the activation energy is 420 meV, 360 meV and 330 meV
for x = 0, 0.005 and 0.2 samples, respectively. These val-
ues of the activation energies are well in agreement with
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FIG. 4. The temperature dependent resistivity data of
Na0.44Mn1−xZnO2 (x = 0 – 0.02). The inset shows a plot
between ln ρ and 1/T with fitting by the Arrhenius equation.
the previous reports on Mn based transition metal ox-
ides [26, 35]. The plausible explanation for reduction in
the activation energy can be the defect levels in the band
gap due to the Zn substitution. The systematic decrease
in the activation energy with Zn substitution indicates
narrowing the band gap and increase in density of states
with doping. As mentioned above, this increase in the
density of states near Fermi level in x = 0.2 sample can
be one of possible reason for better rate capability de-
spite of lower specific capacity which is described in the
following section.
The electrochemical behavior of Na0.44Mn1−xZnO2
(x = 0 – 0.02) as the electrode materials in Na-ion bat-
teries has been investigated by cyclic voltametry (CV)
and charging discharging measurements at different cur-
rent densities on the prepared coin cells. The CV data
gives information about the potentials at which the ox-
idation/reduction takes place, as shown in Figs. 5(a–c),
the scan rate is kept as 0.1 or 0.05 mV/sec for all the
CV scans. For x = 0 sample, there are six distinct peaks
in the oxidation, which repeats in the reduction as well
as upon cycling indicating reversibility of Na ion in ex-
traction/insertion. The multi peaks in the CV indicate
a complex phase evolution where each peak corresponds
to the extraction of Na from different crystallographic
sites in the structure [13]. The difference between oxida-
tion and reduction peak values is a measure of the num-
ber of free electrons (or Na-ion) involved in the charg-
ing/discharging and is given by ∆E=59/n meV (at room
temperature) [36], where, ∆E is the difference between
the oxidation and corresponding reduction peaks and n is
the number of electrons involved. For n=0.44 (to extract
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FIG. 5. (a–c) The cycling voltammogram and, (d–f) the ca-
pacity degradation upon cycling for Na0.44Mn1−xZnxO2 with
x = 0, 0.005, 0.02, measured at different current densities.
all the Na-ion), the peak separation should be 0.13 mV.
For our sample the peak separation is 0.11, 0.17, 0.17,
0.18, 0.21 mV for peaks from higher voltage to lower volt-
age side, which correspond to n=0.53, 0.34, 0.34, 0.32,
0.28. These values are close to the expected n = 0.44 in
ideal case. The CV data for all three samples (x = 0,
0.005, 0.02) are shown in Figs. 5(a–c). Now, if we look
at the CV for x = 0.005 and 0.02 samples, it is clear
that x = 0.005 sample contains all the oxidation and re-
duction peaks similar to that in x = 0 sample with a
small shift in the peak position. Moreover, the similar
oxidation peaks have been observed for x = 0.02 sample,
but there are fewer reduction peaks when compared with
the x = 0 sample. In order to resolve the redox peaks
for x=0.02 cathode we performed the CV at slower scan
rate of 0.05 mV/s [Fig. 5(c)], but no significance change
has been observed. The separation between the oxida-
tion and reduction peaks has also increased indicating
decrease in the number of available free electrons and
irreversibility of Na ion for some sites, which affect the
discharge capacity with higher Zn concentration at the
Mn site.
The galvanostatic charging-discharging curves at dif-
ferent current densities for Na0.44Mn1−xZnxO2 (x = 0,
0.005, 0.02) are shown in the Fig. 6 and the capacity
fading with cycling is summarized in Figs. 5(d–f). For
x = 0 sample, the capacity is nearly 100 mAh/g (which
is close to the theoretical capacity 121 mAh/g [37]) for
slow charging rates that is with current densities 4 mA/g
and 6 mA/g. It can be seen that the capacity is almost
constant after 10 cycles. However, for higher current den-
sity (14 mA/g) the capacity is low and degrade rapidly
with cycling (nearly 25% degradation after 10 cycles), see
Fig. 5(d). The possible reason for such behavior lie in the
layered structure and presence of Jahn-Teller Mn3+ ions
in these samples. Similar capacity fading is also observed
5FIG. 6. The charging discharging cycles measured at different
current densities for x = 0 sample (upper panel), 0.5% (middle
panel) and 2% Zn substitutions (lower panel).
in other Mn based oxides where Mn has 3+ oxidation sate
[26, 38]. As mentioned earlier the Zn substitution would
decrease the concentration of Jahn-teller active Mn3+
ions and one can expect improvement in the capacity
degradation upon cycling. When comparing the capac-
ity of x = 0 and 0.005 samples after 10 cycles at 6 mA/g
current density, we find that the capacity loss is nearly
4 % for the x = 0 sample, whereas it is only about 1%
for x = 0.005 sample. In addition, the capacity is higher
with improved cycling capacity at 14 mA/g current den-
sity. This clearly indicate the improvement in the cycle
life with small Zn concentration (0.5%). With further in-
creasing Zn concentration (2%), the overall capacity has
decreases to about 60 mAh/g at slower current density
of 4 mA/g. This decrease in the capacity is a manifesta-
tion of the absence of reduction peaks in the CV for 2%
substituted sample, as discussed earlier. Despite of the
low capacity, the durability is improved and the capac-
ity remain unchanged after 10 cycles at 4 mA/g current
density. Upon increasing the charging/discharging cur-
rent density to 14 mA/g, the capacity decreases to nearly
25 mAh/g and remains constant for more than 30 mea-
sured cycles. In this way, we reveal that Zn substitution
increases the cycle life possibly due to the reduction in
Jahn-Teller Mn3+ ions. Now, we discuss the possible ex-
planation of the lower capacity in galvanostatic charging
discharging for x = 0.02 sample in the view of the CV
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FIG. 7. The comparison of XRD patterns for the as prepared
sample and cycled electrode of x = 0 and x = 0.02 samples.
The insets show SEM images of the cycled electrodes.
measurements. The substitution of Zn2+ can have the
following effects in the parent sample: (1) it replaces the
Mn3+ (not Mn4+, due to larger difference in ionic radii
and charge) and simultaneously converts another Mn3+
to Mn4+ in order to maintain the charge neutrality, (2)
Zn2+ is reluctant in changing its valance state from 2+
and Mn4+/Mn5+ redox couple is rare and not accessi-
ble at ordinary potentials. Therefore, the presence of
Zn2+ hinders the extraction of Na from the cathode in
these two ways. This hindrance clearly reflect in the CV
of x = 0.02 sample in terms of smaller anodic/cathodic
peak current as well as less number of redox peaks, which
may manifest in the low specific capacity.
In order to understand how the cycling affect the struc-
ture and morphology, we recorded the XRD patterns and
SEM images of the cycled electrodes. We compare the
XRD data in Fig. 7 and SEM images in the insets. It is
evident from the comparison of XRD data that there are
no new peaks observed after cycling and the peaks in the
as prepared materials matches with those in the the cy-
cled electrode. This shows that there is no structural or
phase change taking place during/after cycling process.
However, in the case of x = 0 sample, the peak broad-
ening and intensity of peaks found to different indicating
a change in particle size and morphology. The SEM im-
ages of x = 0 and x = 0.02 electrodes show that the
electrode surface for x = 0 is porous with large voids as
compared to that for x = 0.02 electrode, which might be
responsible for rapid capacity degradation upon cycling.
CONCLUSIONS
In conclusion, we have synthesized nano-size rod
shaped Na0.44Mn1−xZnxO2 (x = 0 – 0.02) via sol gel
method and studied the physical properties and electro-
chemical performance for Na-ion batteries. The struc-
ture is orthorhombic (Pbam space group) and it does
6not change with Zn substitution. All the samples are
highly insulating and the activation energy, deduced from
Arrhenius fitting, decreases with higher Zn concentra-
tion. The specific capacity for Na0.44MnO2 is nearly
100 mAh/g, which is close to the theoretically predicted
value. The capacity does not increase with Zn substitu-
tion, but we observed significant improvement in cycling
life. The capacity reduction is only 1% for the 0.5% Zn
sample after 10 cycles as compared to the 4% of x = 0
sample, measured at 6 mA/g current density. Our study
reveal that Zn substitution changes Mn ion from 3+ to
4+ valence state and improve the battery life. We ob-
served changes in the morphology of electrodes after cy-
cling.
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